Abstract
Introduction

43
Diapause is a critical phase of the life cycle of many insects, and likely contributed to the 44 ecological success of this highly diverse group of animals [1] . Many terms have been used to describe 45 this phase of dormancy in insects, including diapause, adult diapause, reproductive diapause, 46 hibernation, adult-wintering and overwintering. A defining feature of all these terms is an arrest in 47 development or activity that is hormonally programmed in advance of environmental adversities such 48 as harsh winter, dry seasons, or food restriction [1, 2] . Diapause may occur at any stage of life: egg, 49 larval, pupal or adult [1, 3] , and metabolic suppression varies from a decrease in activity (diapause in 50 adult phase) to complete developmental arrest (diapause during development) [4] . Diapause may also 51 be obligatory or facultative. Most obligatory diapausers live at high latitudes and produce only one 52 generation per year. Conversely, in warmer regions, there are multiple active generations before 53 winter and only one will pass through diapause (facultative diapause), and in tropical regions without 54 extreme seasonal variation in resources, many insects forego diapause [5] . 55 Bees are a diverse group of holometabolous insects in the Order Hymenoptera encompassing 56 more than 20,000 species in seven taxonomic families [6] . Diapause has been reported in species of 57 each family, with a great deal of variation in strategies. Although diapause in bees may occur in any 58 developmental phase, the vast majority of species diapause during the last larval instar, immediately 59 prior to metamorphosis, called the prepupal phase [7, 8] or in the adult phase after mating and before 60 the foundation of a new nest [9, 10] . Also, a considerable number of species diapause as 61 reproductively active adults, which is also known as reproductive diapause [11, 12] . Some bee species 62 are active year round and do not diapause [13, 14] .
63
The diversity of diapause strategies among bees is of particular interest since the developmental 64 timing of this phenomenon plays a central role in key hypotheses for the evolution of sociality in 65 Hymenoptera. Bees are an excellent system to explore these hypotheses, because sociality has 66 evolved at least four times in two different families (Apidae -Apinae and Xylocopinae; Halictidae
67
-Halictinae [Halictini, Augochlorini]), and species in each of these groups exhibit a great deal of 68 variation in social lifestyles [15] [16] [17] [18] . A feature common to each of these independent origins of 69 sociality is cooperative nest sharing among adult females. In eusocial species, cooperating females 70 are mothers and daughters who occupy reproductive castes, with non-reproductive daughters (i.e., 71 workers) foregoing direct reproduction to help their mothers (i.e., queens) raise their siblings [19] .
72
It has long been recognized that the haplodiploid mating system of the Hymenoptera promotes 73 the evolution of eusociality, through its effects on sex allocation. As a result of males and females 74 developing from unfertilized and fertilized eggs, respectively, females are more closely related to 75 their sisters than they are to their own offspring [20, 21] . This means that eusociality is expected to 76 evolve from a solitary ancestor when some nests invest more in producing females, and other nests 77 bias their reproductive investment toward males [22] . This split sex ratio provides an inclusive fitness 78 benefit to helpers in female-biased nests, while maintaining a Fisherian sex ratio at the population eusocial and solitary nests [24] in facultatively social halictid bees.
81
Subsequent models for the origins of sociality have recognized that split sex ratios can also arise 82 from temporally segregated patterns of sex allocation favored by shifts in the timing of diapause [25-83 27]. These models assume the production of at least two partially-overlapping generations per year 84 (i.e., partial bivoltinism), and find that a female-biased sex ratio is favored in the second (summer) 85 generation when females overwinter as adults after mating, but a male-biased sex ratio is favored 86 when both females and males overwinter as larvae (Seger 1983 ). As such, eusociality is expected to 87 evolve more readily in species that diapause as adults (Seger 1983 , Quiñones and Pen 2017).
88
Diapause strategy has also been implicated in the mechanisms underpinning the evolution of 89 sociality. Hunt and Amdam (2005) proposed the bivoltine ground plan (or diapause ground plan) 90 hypothesis to explain the evolution of sociality in Polistes wasps. They hypothesized that 91 physiological and behavioral differences between the non-diapausing (spring) and diapausing (summer) generations of an ancestral partially bivoltine solitary wasp could be co-opted to produce 93 the worker and queen phenotypes, respectively [26, 28] . This hypothesis also predicts that an ancestral 94 shift from diapause as larvae to diapause as adults would have preceded the evolution of sociality.
95
Despite the prominence of diapause in models predicting the conditions that led to the evolution 
Material and Methods
109
We reviewed the literature to collect information about diapause for individual bee species
110
(Supplementary Table S1 ). We assigned a diapause type to each species according to the following females share nests and exhibit some kind of reproductive division of labor were considered social 118 (e.g., sub-social, semi-social, primitively eusocial, and advanced eusocial) [29] ). Facultatively social 119 species were included as two different populations, with one being labeled solitary and the other 120 social. This is because most facultatively social species (e.g., Halictus rubicundus) exhibit variation 121 in social behavior at the population level, and this typically corresponds to differences in latitude and 122 voltinism. We also considered ecological factors that may influence diapause type, including nesting 123 patterns (i.e., in the ground or in cavities), and voltinism (univoltine or multivoltine, one or more 124 than two generations per year, respectively). We recorded the latitude for each population. 
Correlation analyses
127
To identify whether diapause type is significantly correlated with sociality and ecological 128 features, we analyzed 100 species for which we could obtain a complete data set (Supplementary 129   Table S1 ). Facultatively social species or those with intrapopulation plasticity in diapause type were 130 removed from these analyses.
131
We used phylogenetic generalized least square (PGLS) analysis to account for the effect of 132 shared evolutionary history among the species [30] . We used the function gls in the R package nlme 133 [31] , assuming the Brownian motion model of evolution, to predict diapause type based on sociality, Supplementary Table S1 .
151
The ancestral state reconstruction was run using the R packages phytools [35] and geiger [36] .
152
We selected the best fitting model of evolution (equal-rates model -ER, all-rates-different model -
153
ARD or symmetrical model -SYM), based on the smallest AIC and the greatest log-likelihood value.
154
The make.simmap function was used for ancestral reconstruction using the empirical Bayesian 155 approach, model of evolution ARD, and estimated pi to estimate the prior distribution on the root 156 node of the tree.
158
Results
159
We Table S1 ). whether they initiate a one or two year development strategy [39, 40] . Individuals that develop in one year overwinter as adults, and individuals that extend development into a second year will undergo 220 two periods of diapause, as prepupae in the first winter and as adults over the second winter [40] . and Diadasia rinconis prepupae may spend an additional year in diapause [46, 47] , and for
234
Pararhophites orobinus at least one prepupa is known to have remained in diapause for more than 235 five years [48] . This plasticity in diapause length is suggested to be an adaptation to short growing 236 seasons at high latitudes, which are insufficient to accomplish the development in a single season [5] .
237
However, most species exhibiting this plasticity show intra-populational variation. shifts from developmental to adult or reproductive diapause precede the evolution of social behavior.
294
This suggest that the loss of the developmental diapause is an important preadaptation to sociality,
295
and that the diapause ground plan proposed to have been co-opted for sociality in wasps may also 296 apply to the evolution of sociality in bees. 
